ABSTRACT. Human cystatin C (CysC) is a cysteine proteinase inhibitor with many potential applications. To facilitate further studies of the functions and applications of CysC, we improved the heterologous expression of CysC using a basic codon optimization method. In this study, we cloned the high-GC content wild-type sequence of the CysC gene and also designed a slightly AT-biased sequence, with codons optimized for expression in the Pichia pastoris GS115 strain. Our results showed that the optimized coding sequence of human CysC increased the expression and secretion of the CysC protein by approximately 3-to 5-fold (90-96 mg CysC/L) in yeast, compared with the expression levels of the native CysC gene (17.9-18.4 mg CysC/L). We designed, Codon optimization increases CysC expression in P. pastoris constructed, and applied an optimized version of the CysC gene for the Pichia expression system. Our results demonstrate that the optimized coding sequence provides a higher yield of secreted CysC than that produced using the wild-type gene. Our data also serve as a practical example demonstrating a rational design strategy for the heterologous expression of secreted proteins.
INTRODUCTION
Cystatin C (CysC) is a small alkaline non-glycosylated protein, also known as the Y-trance protein or post-Y-globulin. CysC is composed of 122 amino acids, its isoelectric point is 9.3, and its molecular weight is 13.3 kDa (Wasen et al., 2002) . CysC is a member of the cysteine proteinase inhibitor family and serves many biological functions (Abrahamson et al., 1990) . Some potential therapeutic applications of CysC include its use as an antibacterial or antiviral agent (Nakamura et al., 2004) , and in the inhibition of cancer metastasis (Ogawa et al., 2003) . Another potential use of CysC is for the prevention of proteolysis during food processing. Additionally, endogenous human CysC may serve as a new type of marker for the glomerular filtration rate (GFR), providing a fast, accurate, and simple method for monitoring changes in the GFR in cancer, cirrhosis, rheumatic disorders, renal failure, and other diseases that affect the GFR. Preparation of calibration and control materials for the quantitative detection of CysC, the generation of a high-quality anti-CysC antibody, and an understanding of the physiological and pathological functions of CysC are all prerequisites for establishment of CysC as a marker for the GFR. One reagent that will help in all of these processes is the preparation and purification of the CysC protein. Wang et al. (2012) , through the use of codon optimization, reported a dramatic increase in the amount of cysC expression in Escherichia coli; however, the CysC protein product accumulated in inclusion bodies, which would have to be subjected to complicated renaturation treatments to recover the recombinant protein.
Moreover, purification difficulties, poor fusion protein solubility, and the lack of proper posttranslational modification of eukaryotic proteins in bacterial cells are all factors that negatively affect the antigenicity and biological activity of the protein.
The Pichia pastoris yeast-based expression system is appropriate for the expression of eukaryotic genes and has been used with great success over the last decade (Cregg et al., 2000; Guo et al., 2001; Fang et al., 2004) . As a eukaryote, P. pastoris has many advantages: improved expression of higher eukaryotic proteins due to correct processing, folding, and post-translational modification of the recombinant protein akin to that of the natural protein; retention of antigenic determinants yielding robust immune responses; and the potential for the protein to be secreted directly into liquid medium, which facilitates purification. Moreover, the expression and purification methods are comparable to the simplicity of E. coli-based expression systems. The P. pastoris-based expression system is also more efficient, simpler, less expensive, and gives higher yields than baculovirus-based or mammalian tissue culture-based eukaryotic expression systems. These characteristics make P. pastoris a particularly useful eukaryotic protein expression system (Corporation, 2005; Hamilton et al., 2006; Cao et al., 2007) . Many strategies have been described for improving the expression of recombinant proteins in P. pastoris, such as the introduction of an efficient promoter, expression vectors for the selection of the appropriate signal peptide, increased gene copy numbers, and codon optimization (Xiong et al., 2006) . Yadava and Ockenhouse (2003) reported that codon optimization leads to enhanced expression of the F2 domain of the EBA-175 protein in both E. coli and P. pastoris. However, the protein produced in P. pastoris had superior biological properties.
Many studies have reported significant improvements in the expression of foreign genes in yeast by codon optimization (Outchkourov et al., 2002; Chang et al., 2006; Hu et al., 2006; Li et al., 2008; Shumiao et al., 2010; Bai et al., 2011; Gao et al., 2012) . The significantly higher protein yields in the native folded state, higher purity, and improved function establish the value of the gene codon optimization approach.
In this study, we redesigned the CysC gene using codon conversion, removal of repeated sequences, and adjustment of the GC content according to the characteristics of P. pastoris without altering the protein sequence. Then, we cloned the wild-type (wt-cysC) and synthetic (co-cysC) CysC genes into the P. pastoris expression vector pPIC9K, with the expectation that the use of codon optimization would significantly increase the amount of recombinant protein expressed.
MATERIAL AND METHODS
E. coli DH5α cells were from our laboratory stock. P. pastoris GS115 (His-, Mut+) cells, the pPIC9K vector, Platinum ® Pfx DNA Polymerase, and Platinum ® HIFI Taq Polymerase were obtained from Invitrogen (Carlsbad, CA, USA), and the EcoRI and NotI restriction enzymes were purchased from MBI Fermentas (Waltham, MA, USA). Mouse anti-human CysC monoclonal antibodies were obtained from Sigma (St. Louis, MO, USA) and the T4 DNA ligase, G418, and protein marker were obtained from Sangon Biotech (Shanghai, China). All other chemicals were of analytical grade.
Construction of the recombinant wt-cysC expression vector
Total RNA was extracted from cells using the RNAiso reagent (Takara, Japan) following the manufacturer protocol. The total RNA of human promyelocytic leukemia (HL-60) cells (Key Laboratory of Molecular Virology of Shandong Province, China) was analyzed using 1% agarose gel electrophoresis. Resultant bands and band intensities were observed by ultraviolet-light illumination after ethidium bromide staining. Gel images were captured and analyzed. The absorbance at 260 nm (A 260 ) value of RNA extracted from the cells was also measured using an ultraviolet spectrophotometer (Lambda 45; PerkinElmer; Waltham, MA, USA). We obtained CysC cDNA by reverse transcription-polymerase chain reaction (RT-PCR) using the following primers: 5ꞌ-GAATTCATGGCCGGGCCCCTGCGC-3ꞌ (sense) (the EcoRI site is underlined) and 5ꞌ-GCGGCCGCCTAGGCGTCCTGACAGGTGGA-3ꞌ (antisense) (the NotI site is underlined). The PCR products were purified, digested with EcoRI and NotI, re-extracted, and inserted into the pPIC9K vector digested with the same enzymes by ligation. The ligation product was then transformed into E. coli DH5α competent cells. The recombinant wt-cysC-pPIC9K plasmid was purified and the incorporation of the correct insert was confirmed by restriction digest and DNA sequencing (Invitrogen Shanghai Ltd., China).
Construction of a recombinant co-cysC expression vector
The mRNA sequence of CysC was retrieved from GenBank (Gene ID: 1471) and analyzed, and the gene sequence was optimized based on the codon preference previously reported for P. pastoris expression systems (Sreekrishna, 1993; Zhao et al., 2000; Sinclair and Choy, 2002; Bai et al., 2011) . For gene optimization, the Leto software (version 1.0.11; Entelechon, Germany) was used, imposing the codon usage of the 30 most highly expressed genes (Bai et al., 2011) , except in cases where codons were retained in order to preserve desirable restriction enzyme sites. Furthermore, extended secondary mRNA structures, long-range repeats (including AT-rich and GC-rich regions), and cryptic splice sites were removed, and the GC content was reduced from 68.6 to 43.6%.
According to the gene sequencing results, we designed and synthesized a singlestrand oligonucleotide that contained the optimized sequence. EcoRI and NotI were added to the 5ꞌ-and 3ꞌ-ends of the oligonucleotide. The synthesized oligonucleotide was spliced to form an integrated gene using PCR. The synthesized sequence was inserted into the pMD-18T vector and transformed into E. coli as described for the wt-cysC expression vector, and the incorporation of the gene sequence in the recombinant plasmid was confirmed by sequencing. A fragment of approximately 400 bp was obtained from the co-cysC-pMD-18T plasmid after restriction with EcoRI and NotI. The recombinant co-cysC-pPIC9K plasmid was obtained by ligating this restriction fragment with the pPIC9K vector. The presence of the correct open reading frame (ORF) was verified by restriction and sequencing analysis of the recombinant plasmid, recovered from E. coli DH5α, and transformed with the ligation mixture.
Transformation of P. pastoris GS115
We linearized 5-10 mg plasmid DNA with SalI and electrotransformed it into 115 P. pastoris GS cells (1.5 kV, 200 Ω, 25 mF; Gene Pulser; Bio-Rad, USA). His+ transformants were selected on histidine-deficient MD plates. Then, PCR analysis was performed to analyze the positive transformants. A pair of primers designed to amplify the inserted fragment was used in PCR amplification. The primer sequences were as follows: aldehyde oxidase 1 (AOX1)-F, 5ꞌ-GACTGGTTCCAATTGACAAGC-3ꞌ and AOX1-R, 5ꞌ-GCAAATGGCATTCTGACATCC-3ꞌ. PCR conditions were as follows: denaturation at 94°C for 5 min; followed by 25 cycles of denaturation at 94°C for 1 min, annealing at 52°C for 1 min, and extension at 72°C for 1 min; and a final extension at 72°C for 10 min.
Screening multiple copies of positive yeast transformants
In vivo screening of multiple inserts was performed according to the pPIC9K expression manual (Invitrogen) and the G418 antibiotic was used at 4 concentrations: 0.5, 1.0, 2.0, and 3.0 mg/mL. The Mut+ yeast transformants were screened by replica-plating the G418-resistant transformants on MD/MM plates for 4 days.
CysC expression
We cultured wt-cysC-pPIC9K and co-cysC-pPIC9K transformants in 100 mL buffered glycerol complex medium and grew them at 28-30°C and 250 rpm until the absorbance at 600 nm (A 600 ) reached a value between 3 and 6. The cells were collected by centrifugation at 3000 g for 5 min at 4°C. The cell pellets were then resuspended in 500 mL buffered methanol complex medium, pH 6.0, containing 1% casamino acids (BD Difco, San Jose, CA, USA) to produce a suspension with A 600 = 1. The expression of CysC was induced by addition of 1% methanol at 24-h intervals for 5 days, and the optimal harvest time was ascertained at intervals of 0, 24, 48, 72, 96, 120 , and 144 h by analysis with a 7600 Chemistry Analyzer (Hitachi, Japan). The empty pPIC9K vector lacking exogenous genes was also transformed into P. pastoris GS115, and the transformant was used as a negative control, which was induced under the same conditions.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analysis
Proteins sampled from 30 mL culture supernatant that were harvested after induction from three independent wt-cysC-pPIC9K and co-cysC-pPIC9K transformants were separated by 12% (w/v) SDS-PAGE and visualized by Coomassie Brilliant Blue R-250 staining.
For Western blot analysis, the proteins separated by SDS-PAGE were transferred to a nitrocellulose membrane (Bio-Rad, Hercules, CA, USA) at 20 V for 40 min and then incubated with a mouse anti-human CysC monoclonal antibody (1:1000 dilution) (Abcam, UK) and a mouse anti-rabbit IgG antibody (1:4000 dilution) conjugated with horseradish peroxidase. The membrane was washed and developed with tetramethylbenzidine for 10 min (Maniatis et al., 1982) .
RESULTS

Optimization of the cysC gene
As we suspected that the codon bias of the native CST3 gene might be a possible cause of poor mRNA translation and CysC production in P. pastoris, we designed a codon-optimized version of the gene to overcome this problem. Several groups have proposed the preferred codons of P. pastoris based on different calculation methods (Bai et al., 2011; Sreekrishna, 1993) . Analyses of the results of these previous studies revealed that a number of amino acids have two preferred codons. Therefore, although the most preferred codons were used during codon optimization as much as possible, the second most preferred codons were used alternatively to meet the following considerations: 1) elimination of stable secondary structures, such as hairpins exceeding 6 bp, especially in the vicinity of the 5ꞌ-and 3ꞌ-coding regions of the corresponding mRNA sequence (Outchkourov et al., 2002) ; 2) prevention of probable depletion and congestion of tRNAs due to the choice of the same codon consecutively for the most frequently occurring amino acids; and 3) removal of undesirable repeats and false-priming events to facilitate subsequent gene synthesis. Finally, a total of 77 non-preferred codons in the native gene were replaced by the P. pastoris-preferred codons in the synthetic gene, which represents 64% (77/120) of the total amino acid sequence. We eliminated 9 long-range repeats, including AT-rich and GC-rich regions, which might have affected mRNA stability and the TAG terminator conversion into TAA. As a result, codon optimization significantly reduced the overall GC content of the full-length gene from 68.6 to 43.6%.
A comparison of the redesigned co-cysC gene sequence with wt-cysC is shown in Table 1 .
TCT TCT CCA GGT AAG CCA CCA AGA TTG GTT GGT GGT CCA ATG GAC GCT TCT GTT GAA GAA wt TCC AGT CCC GGC AAG CCG CCG CGC CTA GTG GGA GGC CCC ATG GAC GCC AGC GTG GAG GAG
GGT GAA TAC AAC AAG GCT TCT AAC GAC wt GAG GGT GTG CGG CGT GCA CTG GAC TTT GCC GTC GGC GAG TAC AAC AAA GCC AGC AAC GAC 
Identification of recombinant plasmids
The recombinant wt-cysC-pPIC9K and co-cysC-pPIC9K plasmids were extracted using alkaline lysis, and then analyzed by both restriction with EcoRI and NotI and DNA sequencing. The results confirmed that both plasmids met the design requirements.
Transformation of P. pastoris GS115 and screening multiple copies of positive recombinant yeast transformants
His+Mut+ transformants were selected on MM and MD plates. Then, positive transformants were identified using PCR analysis of the 5ꞌ-and 3ꞌ-AOX1 gene in the yeast vector. We used lithium chloride and electrical conversion to transform P. pastoris. Our results showed that the two methods were able to produce a sufficient number of transformants, but a higher efficiency of transformation was obtained with the electroshock method.
The pPIC9K plasmid, a Pichia vector for multi-copy integration and expression of secreted proteins, can integrate multiple copies of recombinant genes in Pichia, resulting in the subsequent increase in secreted protein expression. This vector contains the Tn903 kanamycin resistance (kan r ) gene that confers G418 resistance, which has been reported to have a tight correlation with copy number (Scorer et al., 1994) . Thus, the transformants with multi-copy vectors can be isolated via a G418 growth inhibition screen. Previous studies indicated that increasing the copy number of the desired recombinant gene leads to a corresponding increase in expression (Cregg et al., 1993) ; therefore, in our study, when comparing the expression level of the preoptimized gene with that of the wild-type gene in P. pastoris, we chose transformants with the same G418 resistance to avoid potential effects of different gene dosages. To test the effect of codon optimization on expression, both the wild-type and synthetic constructs were screened for the presence of multi-copy clones by increasing the concentration of G418. Three His+Mut+ transformants with multiple inserts of wt-cysC and co-cysC were screened on G418-containing media (by selecting the transformants that could grow at 2.0 mg/mL G418, but not at 3.0 mg/mL G418).
SDS-PAGE analysis of the purity and yield of CysC secreted into the culture supernatant
SDS-PAGE analysis indicated that a 19-kDa protein band, consistent with the theoretically calculated molecular weight of the CysC fusion protein, was common in protein lysates from all of the transformants. The highest expression of the CysC fusion protein in the culture supernatant was observed 96 h after induction (Figure 1) . Three high-expression transformants of wt-cysC accounted for approximately 45, 42, and 41% of the total protein secretion, and three co-cysC strains accounted for secretion of 87, 83, and 80% of the total protein in the supernatant.
The mean expression levels of the co-cysC strains were 90, 99, and 96 mg/L. Statistical analyses revealed that there were significant differences in CysC levels between the 3 highexpression transformants of wt-cysC (P < 0.05). This yield was increased by approximately 3-to 5-fold in comparison with the CysC levels obtained in yeast transformants with the native gene, i.e., 17.9, 18.5, and 18.4 mg/L.
Characterization of recombinant protein antigenicity by Western blot analysis
The anti-human CysC monoclonal antibodies were shown to react with a single band, representing the recombinant proteins, with an approximate molecular mass of 19.0 kDa (Figure 2) , suggesting that the recombinant proteins that reacted with the antibodies were human CysC. 
DISCUSSION
To obtain high-purity and high-yield expression of secreted CysC protein, we chose the pPIC9K expression vector and the P. pastoris GS115 strain as the host to express CysC, since a number of studies have concluded that many proteins produced in P. pastoris are similar in structure and bioactivity to the native proteins produced in mammalian cells (Ouchkourov et al., 2002; Hu et al., 2006; Teng et al., 2007; Fu et al., 2011; Huang et al., 2012; Yang et al., 2012) . Moreover, the pPIC9K vector has an α-factor secretion signal sequence, which has been used with great success. However, although CysC was secreted when expressed in P. pastoris, the very low secretion and/or expression levels of the wt-cysC gene restricted its yield. There are many factors that markedly influence the expression of foreign genes, including P. pastoris codon bias, the AT and GC contents of foreign genes, translational blocks, the mRNA secondary structure of foreign genes, and growth conditions (Qian et al., 2003) . Hu et al. (2006) speculated that the increase of gene expression by codon optimization is likely to be mainly due to the enhanced efficiency of translation elongation, rather than improvements in translation initiation. Northern blotting analysis revealed that the mRNA levels were similar between the native and the synthetic gene constructs, suggesting that the increased expression was most likely attributable to the enhancement of post-transcriptional processing. This was experimentally supported by the findings that the amount of rare codons was positively correlated with the decreased mRNA stability and translation elongation rate in the yeast Saccharomyces cerevisiae (Hoekema et al., 1987; Herrick et al., 1990; Liu et al., 2013) . In addition to codon choice, mRNA structure can also influence translation efficiency in yeast. The specific secondary structures formed or lost near the untranslated regions and start codons of mRNA were shown to significantly influence the mRNA degradation rates and translation initiation efficiencies (Oliveira et al., 1993) . However, less data are available regarding the effect of secondary structures in the coding region on mRNA stability and translation. It was reported that optimization of the GC content alone, despite the actual codon bias, could significantly improve recombinant protein expression in P. pastoris, as well as in mammalian cells (Kim et al., 1997; Sinclair and Choy, 2002) .
In fact, since P. pastoris genes more commonly have A/T-ended codons, whereas mammalian genes tend toward GC-ended codons, codon optimization of a mammalian-derived gene into one that has the P. pastoris-preferred codons usually leads to relatively low GC content, which is accompanied by the production of mRNA with fewer stable secondary structures.
The pattern of codon usage generally dictates optimal gene expression. It was reported that 25 of the total 61 yeast codons were optimal, whereas in Pichia, Zhao et al. (2000) validated 19 optimal expression codons by analyzing the usage of 28 synonymous codons. Many researchers have managed to optimize these codons in Pichia to improve the expression of heterologous genes (Outchkourov et al., 2002; Hu et al., 2006; Chang et al., 2006; Li et al., 2008; Shumiao et al., 2010; Gao et al., 2012) .
A previous study used the wild-type CysC gene for expression of CysC in Pichia (Li et al., 2002) . It is possible that the codons of this gene were not the most optimal for expression in that host. Hence, we hypothesized that the expression might be improved by codon alteration. Our initial attempts at CysC expression with wt-cycC-pPIC9K indicated that the expression was either not successful or, if present, was weak. Therefore, after considering the characteristics of the yeast host and pattern of codon usage, taking into account removal of undesirable features, such as complex secondary structures and repeated sequences in the synthetic gene, and preventing mRNA degradation and early termination of translation, we redesigned the CysC gene. In the redesigned CysC gene, we modified the GC ratio, deleted AT-rich sequences, and removed 5 or more consecutive A/T or G/C repeats. Finally, of all of the 120 codons of the CysC gene, 77 were modified to obtain the redesigned version of the CysC gene. We altered 9 codons to improve the stability of mRNA, while the stop codon was altered from TAG to TAA, and the GC ratio was modified from 68.6 to 43.6%. According to an analysis of the coding sequence of human CysC with the Leto software, a high percentage of rare codons (about 8.3%) were represented in P. pastoris, such as CGA (1 occurrence), CGG (1), CGC (4), CCG (2), GCG (1), and ACG (1). Meanwhile, the GC content of the CysC gene is high (68.6%). Thus, we redesigned and synthesized its coding sequence so as to decrease the GC content to 43.6% and chose the preferential codons of P. pastoris. This codon optimization moderately increased the CysC expression levels by 3-to 5-fold and up to 16 mg/L. Although this increase in magnitude is somewhat lower than many of those previously reported (5-to 10-fold) in codon optimization studies in P. pastoris (Brocca et al., 1998) , it is still higher than the results of some other reports (Outchkourov et al., 2002; Wolff et al., 2001 ).
In conclusion, we optimized codons encoded in the CysC gene to improve its heterologous expression in P. pastoris GS115. This expression was significantly improved, while dispensing with other methods such as purification from inclusion bodies and cleavage with thrombin. Meanwhile, because the α-factor signal sequence in pPIC9K increased the secretion of the recombinant protein, and because P. pastoris secretes few extracellular proteins, the culture medium contained partially pure heterologous protein, thus facilitating its purification and improving the yield. Therefore, we conclude that codon optimization combined with the other design considerations we employed provide a better method for expressing recombinant proteins at a lower purification cost.
